Abstract. Osteosarcoma (OS) is a common primary malignancy in children and adolescents with relative high survival rate after chemotherapy. While the toxicity of chemotherapy and personalized different response to chemotherapy makes it difficult for the selection of therapeutics and improvement of diagnosis. In this study, we conducted a combined analysis of three types of microarray datasets (gene expression, microRNA (miRNA) expression and DNA methylation) from the Gene Expression Omnibus (GEO). The differential expression genes (DEGs) and miRNAs (DEMI) were screened out via the limma package and differential methylation sites (DMS) were identified by the IMA package. Enriched functions of DEGs and genes contained DMS (DEMs) were obtained through the Database for Annotation, Visualization and Integrated Discovery (DAVID). Besides, miRNA-gene regulation network was obtained based on the pairs of involved DEMIs and overlapping genes between DEMs and DEGs and visualized through Cytoscape software. A total of 583 DEGs and 1051 DMS (corresponding to 827 DEMs) were identified and 56 overlaps were obtained. As expected, most of the expression and methylation profiles of the overlaps exhibited significant negative correlation. The DEGs were mainly enriched in the biological processes related to inflammatory/immune response, cell proliferation, while DEMs were involved in the regulation of gene expression, tissue/organ development. Based on the correlation and network analysis, some novel targets were identified for OS and many known biomarkers were proved in this study, which would be helpful in its early diagnosis and treatment.
Introduction
Osteosarcoma (OS) is a common primary malignancy of bone that occurs mostly in children or adolescents with more than 26,400 new cases every year (1, 2) . Chemotherapy and surgery, or their combination, is the prevalent treatment method and has significantly improved the prognosis of OS (3, 4) . For example, the five-year survival rate of OS without distal metastasis after chemotherapy could reach 70% (5) . While, poor prognosis was frequently observed in the metastatic patients. Moreover, the toxicity of some chemotherapeutic drugs cannot be efficiently prevented and their efficacy could be largely different in similar patients (6, 7) . Therefore, early diagnosis and personalized therapy would be the alternative methods for the improvement of prognosis of primary as well as the metastatic OS.
In the past decades, many biomarkers have been identified to be associated with the progression of OS and one of the most well known targets is mammalian target of rapamycin (mTOR), a serine/threonine protein kinase, which could contribute to the development of many types of cancers (8) . mTOR was regulated by various molecules in OS, downregulation of RSK2 was associated with the inactivating of mTOR signaling pathways and could influence the progression of OS (9); the variation of microRNA-99a could induce the differential expression of mTOR in OS and could influence its development (10) . Besides, the mutations of some genes were also shown to affect the susceptibility of OS, such as the polymorphisms of murine double minute 2 (MDM2) (rs1690916 and rs2279744) were associated with the risk of OS (11) ; the mutation of P15 gene was significantly associated with the initiation of OS (12) . In addition, some inhibitors have been developed against these biomarkers. Icariside II is a natural mTOR inhibitor which could destroy the energy balance through inhibiting mTORC1-4E-BP1 axis to inhibit the progression of sarcoma (13) . While, further studies are still needed for the understanding of the mechanisms of OS and the improvement of its prognosis.
In this study, the DNA methylation profile was also included besides the gene and microRNA (miRNA) expression profiles, which play important roles in the regulation of gene expression. DNA hypermethylation in promoter is a key characteristic in cancer and it was considered to be able to silence the tumor suppressor genes to induce the development of cancer (14) (15) (16) . Some DNA methylation was also observed in OS and found to be associated with its progression, the methylation level of RECK was gradually increased with the development of OS, while the opposite trend of its expres-sion profile was observed (17) . In the study of Sonaglio et al, the differential ESR1 and p14ARF gene methylation profiles were also identified as prognostic indicators in OS (18) . The combined analysis of gene, miRNA expression and DNA methylation profiles would be helpful for the identification of novel biomarkers for OS and its early diagnosis and treatment.
Material and methods
Microarray datasets. The microarray datasets in this study were downloaded from the Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/). The gene expression (GSE36001) and DNA methylation profiles (GSE36002) were deposited by Kresse et al and composed with the same samples: 19 OS cell lines (case group) and 6 normal samples (control group, 2 osteoblast and 4 bone samples) (19) . While, the miRNA expression profiles (GSE28423) were provided by Namløs et al, compared with the gene expression and DNA methylation profiles, only 2 osteoblast were absent and the other samples were exactly the same, i.e. 19 OS cell lines (case group) and 4 normal bone samples (control group) (20). The samples for the three types of profiles were comparable and could be used for the subsequent analysis.
Microarray analysis. R Bioconductor packages were used for the preprocessing of the three types of microarray datasets. For gene and miRNA expression profiles, raw datasets were normalized based on the preprocess Core package and the differential expression genes (DEGs) and miRNAs (DEMIs) were screened out via the limma package through the thresholds of fold change >2 or <0.5 and adjusted P-value of <0.05. IMA package was adopted for the preprocessing of raw DNA methylation profile and the identification of differential methylation sites (DMS) and in this study, the methylation sites satisfied the criteria of log2 (fold change) >0.5 or <-0.5 and adjusted P-value <0.05 were screened out.
Functional enrichment analysis. Based on the Database for Annotation, Visualization and Integrated Discovery (DAVID, http://david.abcc.ncifcrf.gov), the Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways of DEGs and genes contained DMS (DEMs) were obtained. The thresholds used here is P-value <0.05.
miRNA-gene regulation network.
Besides the promoter methylation, miRNA is another important regulator for gene expression. In this study, the target genes of DEMIs were identified through the TargetScan, a database of the miRNAgene pairs obtained by various methods, such as biological experiments and bioinformatics prediction. Furthermore, we selected only the pairs that contained the DEMIs and overlapping genes of DEGs and DEMs. The Cytoscape, a network visualization and analysis software, was used for the construction of miRNA-gene regulation network.
Results

DEGs, DEMIs and DMS.
Compared with the control group, a total of 583 genes were found to be differentially expressed in the case group, which contained 417 downregulated and 166 upregulated genes. Besides, we identified 1051 DMS in the case group which corresponding to 827 unique genes and strikingly, 1018 DMS, ~96.9% of all the DMS, were found to be hypermethylation. In total, 231 DEMIs were identified in case group and 117 were found to be downregulated. The top 10 significantly differentially expressed genes and methylation sites are shown in Table I and in Table II the top 10 significantly differentially expressed miRNAs. The supervised hierarchical cluster of DEGs and DMS based on gplots package are shown in Fig. 1 . The supervised cluster of DEMIs are shown in Fig. 2 . As shown in Figs. 1 and 2 , the OS and control samples can be separated into their types, which indicated the reliability of the DEGs, DEMIs and DMS for the following analysis.
Correlation of gene expression and DNA methylation profiles.
A total of 56 overlaps were identified between DEGs and DEMs. The supervised cluster of the overlapping genes and their corresponding DMS are shown in Fig. 3 . As expected, significant negative correlation with the minimum of -0.924 was observed between most of the methylation profiles of DMS and their corresponding expression profile of the overlaps. Fig. 4 illustrates the distribution of the correlation coefficients. and IV). Similar with the GO terms, KEGG pathways of DEGs were mainly involved in inflammatory and immune processes, while the enriched pathways of DEMs were related to cancer development and cytokine signaling pathways.
miRNA-gene regulation network.
Through the TargetScan, we screened out 8596 miRNA-gene pairs that contained DEMIs, and 58 pairs of which were found to be involved the overlapping genes of DEGs and DEMs. The miRNA-gene regulation network composed of the 58 pairs shown in Fig. 6 . A total of 34 miRNAs and 24 genes were contained in the network and hsa-miR-128 regulated 5 of the 24 genes. Besides, TIMP4 (TIMP metallopeptidase inhibitor 4), found to be associated with the progression of breast cancer by many studies, was regulated by 7 miRNAs in the miRNA-gene network, that might indicate its important role in OS.
Discussion
OS is one of the most common malignancies in children and adolescents with a relative high survival rate after chemotherapy or surgery in primary tumors while not in the metastatic ones. Identification of novel biomarkers would be helpful in its early diagnosis and improvement of prognosis. In this study, three types of microarray datasets: gene expression profile, miRNA expression profile and DNA methylation profile were downloaded for the GEO and analyzed for their relationship with the progression of OS. This would benefit the understanding of the mechanisms of OS and the development of novel therapeutics. herein, ~71.5% and 3.1% DEGs and DMS were found to be downregulated in the OS group compared with the control ones respectively. The expression profiles and the corresponding methylation profiles of the overlapping genes between DEGs and DEMs exhibited striking negative correlation as shown in Fig. 4 , which might indicate their antitumor role. In particular, LXN (latexin), a gene encoding the only known protein inhibitor of zinc-dependent metallo carboxypetidases, were found to be downregulated in many types of tumors, as well as in OS in our study and it exhibited significantly negative correlation between expression and methylation profile (cor -0.92, P-value 4.25x10 -11 ). In hepatocellular carcinoma (21, 22) , gastric carcinomas (23), pancreatic cancer (24) and thyroid cancer (25) , LXN was considered to exhibits tumor suppressor while not in OS, so it might be a novel target for the diagnosis or treatment of OS. Besides, CMKLR1 (chemokine-like receptor 1), exhibited downregulation and hypermethylation simultaneously in OS group, and was identified to affect the treatment of chemotherapy in non-small cell lung cancer (26) and the endothelial angiogenesis (27) , which might also influence the development of OS. Some known biomarkers were also identified in this study, such as RAC2 (28) and CD248 (29) , which indicated the reliability of our study.
The DEGs and DEMs were found to be enriched in entirely different aspects of the biological process of ontology, e.g. the DEGs were mainly involved in inflammatory/immune response, and cell proliferation related processes, while DEMs were associated with the processes of regulation of gene expression, tissue and embryonic development. however, all of the terms are closely associated with the development of many types of cancers. Moreover, DNA methylation could lead to altered gene expression and regulation and thus affect the progression of cancers (30) (31) (32) . Our study also supported the findings and expected to be helpful in the understanding of the mechanisms of OS.
In this study, potential miRNA regulators of overlapping genes between DEGs and DEMs were screened out through the TargetScan online software and the miRNA expression profile dataset of OS. Finally, the miRNA-gene regulation network was obtained in which TIMP4 (TIMP metallopeptidase inhibitor 4) was directly regulated by 7 miRNAs. TIMP4 was downregulated in the OS group and exhibited significantly negative correlation between gene expression and methylation profiles (cor -0.66, P-value 3.70x10 -4 ). It was shown to play important roles in the extracellular matrix and the progression of cancers, such as cervical cancer (33) , however, no study has associated it with OS, which might indicate it as a novel target. Besides, miRNA-128, which has been shown to influence the risk of OS by many studies (34-36), regulated more genes than the other miRNAs in the miRNA-gene regulation network demonstrating the conformance of our study with the previous ones, besides the novel findings.
In conclusion, the combined analysis of three types of microarray datasets identified some novel biomarkers for OS and many known ones were also confirmed in this study. Our results are helpful for the diagnosis and treatment of OS and thus improvement of prognosis.
